The immune system is highly sensitive to stressors present during spaceflight. The major emphasis of this study was on the T lymphocytes in C57BL/6NTac mice after return from a 13-day space shuttle mission . Spleens and thymuses from flight animals (FLT) and ground controls similarly housed in animal enclosure modules (AEM) were evaluated within 3-6 h after landing. Phytohemagglutinin-induced splenocyte DNA synthesis was significantly reduced in FLT mice when based on both counts per minute and stimulation indexes (P Ͻ 0.05). Flow cytometry showed that CD3 ϩ T and CD19 ϩ B cell counts were low in spleens from the FLT group, whereas the number of NK1.1 ϩ natural killer (NK) cells was increased (P Ͻ 0.01 for all three populations vs. AEM). The numerical changes resulted in a low percentage of T cells and high percentage of NK cells in FLT animals (P Ͻ 0.05). After activation of spleen cells with anti-CD3 monoclonal antibody, interleukin-2 (IL-2) was decreased, but IL-10, interferon-␥, and macrophage inflammatory protein-1␣ were increased in FLT mice (P Ͻ 0.05). Analysis of cancer-related genes in the thymus showed that the expression of 30 of 84 genes was significantly affected by flight (P Ͻ 0.05). Genes that differed from AEM controls by at least 1.5-fold were Birc5, Figf, Grb2, and Tert (upregulated) and Fos, Ifnb1, Itgb3, Mmp9, Myc, Pdgfb, S100a4, Thbs, and Tnf (downregulated). Collectively, the data show that T cell distribution, function, and gene expression are significantly modified shortly after return from the spaceflight environment.
AS HUMAN PRESENCE EXPANDS into low Earth orbit and beyond, there is a critical need for a better understanding of health consequences inherent to the spaceflight environment. A major concern is the impact that spaceflight stressors may have on the risk for cancer. The T lymphocytes are especially important in this respect; CD4 ϩ T helpers (Th) secrete cytokines that regulate both innate and adaptive immunity against aberrant cell populations and the CD8 ϩ T cytotoxic (Tc) cells can directly kill cells that are recognized as being different from normal self. Furthermore, if spaceflight stressors result in higher mutation rates in the human body, as has been observed in bacteria (37) , the possibility for malignant transformation may be increased. This possibility together with radiationinduced immune dysfunction and reactivation of endogenous viruses with oncogenic potential may further increase the risk for cancer (65) .
It has been known for more than three decades that spaceflight can have significant effects on the immune system (69) . Some reports suggest that the observed alterations may increase the possibility for neoplastic growth. For example, data from astronauts and rodents flown in space have shown lymphocytopenia (8, 9, 40) , low numbers of CD4 ϩ and CD8 ϩ T cells (2, 40) , compromised lymphocyte response to stimulating agents (5, 53, 68, 77) , and increased aberrations in lymphocyte DNA (18, 55) . In contrast, other studies have found increased numbers of CD4 ϩ T cells after flight (72) , no difference in either intrachromosomal or complex-type exchanges between pre-and postflight samples (38) , and no correlation between chromosome damage and the number of flights, duration in space, and length of extravehicular activity (24) . The interferons (IFN) were among the first cytokines to be evaluated in the context of the space environment. In the 1980s, Talas et al. (76) reported results of experiments conducted aboard space laboratory Solyut-6. Lymphocytes isolated from healthy human donors were kept under spaceflight conditions for 1 wk and activated by use of IFN inducers, including a virus. Production of IFN by the activated cells kept in the space laboratory was increased compared with ground controls. In contrast, decreased IFN secretion and low natural killer (NK) cell activity were observed for lymphocytes isolated from peripheral blood of cosmonauts during the first day after return from a 7-day spaceflight (76) . In another study, splenocytes from rats flown for 1 wk on Space Shuttle SL-3 exhibited decreased IFN-␥ production in response to concanavalin-A (ConA), a T cell mitogen (23) . The samples were obtained 12 h after landing and IFN-␥ level was determined by plaque or microplaque reduction of vesicular stomatitis virus on mouse L-929 cells. Thus the modulatory effects of spaceflight on the immune system need further clarification. Many factors could account for the observed inconsistencies, including time of assessment postlanding, cell phenotype, and specific assays used. In the case of rodents and humans, genetic background, age, and gender are of course also potential causes for variability.
The spleen and thymus samples evaluated in the present study were from mice that were part of the Commercial Biomedical Test Module-2 payload experiment, only the second time that immune parameters have been characterized in mice flown in space. Spleen cells were evaluated for DNA synthesis in response to a T cell mitogen, composition of the major lymphocyte populations including the CD4 ϩ and CD8 ϩ T cell subsets, and ability to secrete cytokines after activation with anti-CD3 monoclonal antibody. The four cytokines selected for quantification [IL-2, IL-10, IFN-␥, and macrophage inflammatory protein-1␣ (MIP-1␣)] are among the most important regulators not only of T cell activities, but also adaptive and innate immune mechanisms that include protection against potentially oncogenic viruses. As mentioned earlier, the development of cancer is a major long-term concern as human exploration increases beyond the Earth's radioprotective magnetosphere, and predictions of cancer risk in flight personnel are currently based on minimal data with large uncertainties (15) . The thymus was used to evaluate the expression of cancer-related genes because thymic lymphoma in mice is a classical model for studying normal cell transformation to malignancy, especially after radiation exposure (44) . Indeed, lymphomas have been noted in many sites in mice exposed to radiation types and doses that would be expected in space. A good example of this is a recent report on the efficacy of dietary antioxidants to ameliorate the carcinogenic effects of proton and iron ion radiation (43) . In addition, the thymus can serve as a source of T cell reconstitution under conditions of great T cell loss (22, 30, 48) , which could occur after exposure to relatively high doses of radiation during a solar particle event. The increased proliferation of sublethally damaged thymocytes during reconstitution would increase the risk for cell transformation to the malignant stage. The overall hypothesis of the present study was that significant T cell abnormalities would be readily measurable in both lymphoid organs shortly after return from a flight on the space shuttle. We further proposed that at least some of the genes necessary for normal cell survival, as well as frequently associated with malignant cells, would be upregulated.
MATERIALS AND METHODS
Animals, housing, and sample collection. C57BL/6NTac female mice (n ϭ 36; Taconic Farms, Germantown, NY) were shipped directly to the National Aeronautics and Space Administration (NASA) Space Life Sciences Laboratory (SLSL) at Kennedy Space Center at ϳ7 wk of age. Animal enclosure modules (AEM) with food bars and water were used to house flight mice (FLT, n ϭ 12) and ground controls (AEM, n ϭ 12). Mice were adapted to the food bars, Lixit water system units, and raised mesh floor 1 wk before the start of the investigation, at which time the mice were 9 wk of age. Additional control mice (n ϭ 12) were housed under conventional vivarium (Viv) conditions. The FLT mice flew onboard the Space Shuttle Endeavour (STS-118) for 13 days. Muscle strength testing and nuclear magnetic resonance body composition measurements were performed at Kennedy Space Center by Amgen investigators prior to euthanasia in 100% CO 2, all of which took place within 3-5 h after landing. Collection of organs, including spleen and thymus, at the SLSL and conditions of shipment to Loma Linda University (LLU) have been described elsewhere (Baqai AP, Gridley DS, Slater JM, Luo-Owen X, Stodieck LS, Ferguson VL, Chapes SK, Pecaut MJ, unpublished observations). Since all mice used here were part of a larger study, the FLT and AEM (but not Viv) animals were given a placebo treatment (subcutaneous injection of PBS) 24 h prior to launch. The NASA, Amgen, University of Colorado, and LLU Institutional Animal Care and Use Committees approved this study. Approval was also obtained for the transfer of mouse tissues.
Phytohemagglutinin (PHA)-induced blastogenesis. This procedure has been previously described in detail (42 Lymphocyte populations. Immunophenotyping of splenic lymphocytes was carried out by using a two-tube custom mixture of fluorescence-labeled monoclonal antibodies and a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA) as previously reported (27, 58) . All antibodies were purchased from Pharmingen (San Diego, CA). Five thousand to 10,000 events/tube were acquired and analyzed via CellQuest software (v3.1, Becton Dickinson) to identify and obtain percentages for CD3 ϩ T, CD4 ϩ Th, CD8 ϩ Tc, CD19 ϩ B, and NK1.1 ϩ NK cells; the antibody clones were 145-2C11, RM4-5, 53-6.7, ID3, and PK136, respectively. To obtain the number of cells for each lymphocyte population, the following formula was used: number of cells in population/ml ϭ number of leukocytes/ml ϫ percentage of population. The number of leukocytes per milliliter, as well as a three-part differential (lymphocytes, monocyte-macrophages, and granulocytes), was obtained with an automated hematology analyzer and these data are reported separately (Baqai AP, Gridley DS, et al., unpublished observations).
Activation with anti-CD3 antibody. Spleen leukocytes were diluted to 4 ϫ 10 6 /ml in RPMI 1640 medium (Irvine Scientific) supplemented as described above. Cell activation was triggered by dispensing 0.2 ml/well into 96-well plates containing immobilized monoclonal antibody against mouse CD3 (BioCoat anti-CD3 T Cell Activation Plates, BD Biosciences/BD Pharmingen, San Diego, CA). After a 48-h incubation at 37°C in 5% CO2, supernatants were aspirated and centrifuged to remove floating cells and debris. The supernatants were then frozen for cytokine analysis.
Quantification of cytokines. Frozen supernatants from splenocytes activated with anti-CD3 were thawed immediately before cytokine analyses. IL-2, IL-10, IFN-␥, and macrophage inflammatory protein-1␣ (MIP-1␣) were quantified by using ELISA kits (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. These cytokines were selected because they play major roles in regulation of both innate and adaptive immune responses.
Analysis of gene expression in thymus by quantitative RT-PCR.
The thymus was quick-frozen at Ϫ70°C and shipped overnight to LLU. The frozen tissue was homogenized in Trizol and RNA was extracted by a standard protocol (Invitrogen, Carlsbad, CA). RNA integrity was assessed spectrophotometrically; all samples had 260/280 ratios above 2.0 and 250/230 ratios above 1.7. Reverse transcription (RT) was done using Reaction Ready First Strand cDNA Synthesis Kit (SuperArray Biosciences, Frederick, MD). Polymerase chain reaction (PCR) was performed using RT 2 Profiler PCR Array PAMM-033, Mouse Cancer Pathway Finder (SuperArray) on a Bio-Rad cycler using RT 2 RealTime SYBR Green PCR Master Mix PA-011. Five house-keeping genes, RT controls, and PCR controls were included. A more detailed description of these procedures has been published (25) . The array evaluated the expression of 84 genes involved in cell transformation and tumorigenesis. Genes of FLT mice that differed by Ͼ1.5-fold compared with AEM controls and for which a P Ͻ 0.05 was obtained are emphasized. Additional genes for which fold change was 1.1 to 1.5, but for which P value was also Ͻ0.05, are briefly noted.
Statistical analysis. The data were evaluated by Student's t-test (Systat, Systat Software, Richmond, CA). However, since there was a 48-h delay between euthanasia of FLT and AEM groups, and one-half of the Viv controls were euthanized on each day of assessment, the Viv data were used to normalize the means (NOM) prior to statistical analysis: NOM ϭ [AEM/average of Viv AEM or FLT] ϫ average of Vivall. P Ͻ 0.05 and P Ͻ 0.1 indicated significance difference and a trend, respectively.
RESULTS
PHA-induced DNA synthesis. DNA synthesis in splenocytes from FLT mice was low in response to PHA compared with AEM controls (one-way ANOVA, P Ͻ 0.001). Figure 1 shows that the SI for FLT mice was less than 40% of that for the AEM animals. The mean cpm values with PHA were 219,793 Ϯ 28,045 (AEM) and 121,390 Ϯ 13,549 (FLT) (P Ͻ 0.001); cpm values without PHA were 2,881 Ϯ 190 (AEM) and 3,774 Ϯ 315 (FLT) (P Ͻ 0.05).
Lymphocyte populations. Figure 2 presents the numbers obtained for the different lymphocyte phenotypes in the spleen. The CD3 ϩ T and CD19 ϩ B cell counts were lower in the FLT compared with the AEM mice, whereas the NK1.1 ϩ NK cell population was increased (P Ͻ 0.01 for all three cell types). These numerical changes translated into a lower percentage of T cells and higher percentage of NK cells in the FLT animals (P Ͻ 0.05), but the percentage of B cells was similar to AEM controls (Table 1 ). Further analysis showed that the CD4 ϩ and CD8 ϩ T cell counts were greatly reduced in the FLT mice (P Ͻ 0.001), but the CD4-to-CD8 T cell ratio did not differ significantly from the AEM mice (Fig. 2) .
Secreted cytokines. As shown in Fig. 3 , secretion capacity for all four quantified cytokines in response to activation with anti-CD3 monoclonal antibody was significantly different in the FLT mice compared with the AEM controls. Levels of IL-10, IFN-␥, and MIP-1␣ were increased, whereas IL-2 was decreased (P Ͻ 0.05 vs. AEM).
Gene expression in thymus. Gene expression profiles in the thymus differed greatly between the FLT and AEM groups. Table 2 shows that fold change for 13 genes in FLT mice was greater than Ϯ 1.5 (P Ͻ 0.05); there were four upregulated genes (Birc5, Figf, Grb2, and Tert) and nine downregulated genes (Fos, Ifnb1, Itgb3, Mmp9, Myc, Pdgfb, S100a4, Thbs, and Tnf) compared with the AEM group. Statistical significance (P Ͻ 0.05) was obtained for an additional 17 genes (8 upregulated and 9 downregulated) as shown in Table 3 , although fold change for these was only 1.1 to 1.5 vs. the AEM group.
DISCUSSION

PHA and
3 H-TdR were used to assess the ability of splenocytes to synthesize DNA. This approach was selected because PHA is a potent T cell mitogen that has been extensively used in previous studies to quantify blastogenesis and the incorporation of a radiolabeled base is a highly sensitive measure of DNA synthesis. The data show that this response was compromised in the FLT mice based on raw cpm, as well as on calculated SI that took into account the cpm values obtained without PHA. However, the background cpm without mitogen was significantly higher in the FLT mice than in the AEM animals. This is consistent with the results of a spontaneous blastogenesis assay on splenocytes that was also performed on these mice, i.e., no mitogen or antigen was used (Baqai AP, Gridley DS, et al., unpublished observations). Low response to T cell mitogens has been previously reported in rats (5, 53, 68) , as well as astronauts (77), after spaceflight. These data suggest that the T cell response to immunogenic agents may be poor owing to preoccupation with regaining a normal balance of T cells. This possibility is supported by the low response to lipopolysaccharide (also known as endotoxin) derived from Escherichia coli that was observed in the STS-118 mice (Baqai AP, Gridley DS, et al., unpublished observations).
Quantification of lymphocyte populations in the spleen showed that T and B cell counts in the FLT mice were low, whereas NK cell counts were high. In our previous study of spleens from C57BL/6 mice flown on Space Shuttle Endeavour (STS-108), there was a similar shift away from T cell proportions within hours after landing (59) . However, in that previous flight, there was a corresponding shift toward B cells. In STS-108, B220 was the marker used to identify B cells, whereas here we used CD19. Since B220 is also found on NK cells, the increase in B220 ϩ cells noted previously may simply correspond to the increase in NK cells noted here.
CD4 ϩ and CD8 ϩ T cell counts were both reduced by approximately the same degree and thus a normal CD4-CD8 T cell ratio was maintained. This contrasts with results from our previous flight (STS-108) in which we found a decreased ratio (59) . However, rats flown on Space Shuttles Endeavour (STS-77) and Columbia (SLS-1) also had low percentage and number of CD4ϩ T cells, respectively (2, 60) . After the Columbia mission, low counts for total white blood cells, CD8
ϩ T cells, and B cells were also noted. Variable results for lymphocyte populations have also been reported for crewmembers after spaceflight (13, 14, 49, 72) . Collectively, the data support the high sensitivity of lymphocytes to differences in spaceflight conditions that are difficult to control, as well as postflight procedures, environment, and experimental design.
In the present study, cytokines were quantified in spleen cell supernatants after activation with anti-CD3 antibody, a technique that activates the same signal transduction pathways that are activated during antigen presentation in vivo. Although anti-CD3 has been used in ground-based studies simulating microgravity (31, 57) , this is one of very few studies in which such an approach has been utilized after return of either rodents or human crew from space. Of the four cytokines evaluated, only IL-2 concentration was decreased. IL-2, a product of the Th1 subset, is a major cytokine that stimulates proliferation of Th and Tc lymphocytes; it also increases activities of NK cells and cells of the monocyte-macrophage lineage. Low IL-2 production capacity could compromise immune defenses not only against infectious agents but also against neoplastic cells during extended space missions. There are, indeed, numerous studies that include IL-2 in efforts to improve immune responses against cancer (1, 17, 39, 57) . Furthermore, reports that IL-2 protects memory T cells from apoptotic death (52) implies that insufficient amounts of the factor could endanger responsiveness to recall antigens, e.g., vaccines, including those recently approved for cervical cancer due to human papillomavirus types 16 and 18. Although the mechanisms remain unclear, ground-based investigations simulating microgravity by clinorotation suggest that the decreased production of IL-2 in the present study may be related to alterations in molecules needed for signal transduction, e.g., CD25 (31) . The low IL-2 level seen in the FLT mice can be at least partly explained by the enhanced production of IL-10, a Th2 cell-derived cytokine with potent immunosuppressive properties (10). However, IFN-␥ was also increased in the FLT group. IFN-␥ is a highly multifunctional cytokine that promotes both adaptive and innate immune responses. The cytokine enhances major histocompatibility class II expression, antigen presentation by macrophages, leukocyte migration to sites of tissue damage, and cytotoxic activity of NK cells. Studies have demonstrated that IFN-␥ can prevent the development of primary and transplanted tumors (41) . IFN-␥ is a major product of Th1 cells but can also be secreted by CD8 ϩ Tc, NK, and dendritic cells. The enhanced production of IFN-␥ in our study, despite low T cell numbers, suggests that the stress of landing, readaptation, and postflight procedures prior to sample collection facilitated T cell differentiation into a phenotype with greater capacity to produce IFN-␥. This possibility may also be true for the NK and dendritic cells present in the splenocyte mixture that was analyzed. Alternatively, the increase in NK cell numbers may be responsible for the difference.
It has been reported that IFN-␥ depresses Th2 cell activity (63, 83) and that a low IFN-␥-to-IL-10 ratio indicates a shift toward the Th2 subset that, in turn, can facilitate development of allergic inflammatory diseases and asthma (84) . In the present study, FLT mice had a significantly higher IFN-␥-IL-10 ratio compared with the AEM ground controls (FLT 0.68 vs. AEM 0.27, P Ͻ 0.05), thereby suggesting a shift away from Th2 cells. However, it should be noted that cells other than Th1 and Th2 in the splenocyte mixture could have contributed to Numbers represent means Ϯ SE of total lymphocytes (n ϭ 12/group). Data were obtained using fluorescence-labeled monoclonal antibodies and flow cytometry. AEM, ground controls housed in animal enclosure modules; FLT, mice flown for 13 days on space shuttle; NK, natural killer. *P Ͻ 0.05 vs. AEM; †P Ͻ 0.001 vs. AEM. the levels obtained for both cytokines. Interesting cytokine data were recently reported by Crucian and colleagues (14) for crewmembers on short-duration shuttle missions (including STS-118, same as our mice) and long-duration missions on the International Space Station. Although some differences were noted in T cell subsets and other leukocyte populations between shuttle and space station occupants, both groups had a low secreted IFN-␥-IL-10 ratio on the day of landing after activation of peripheral blood T cells with antibody against CD3 and CD28. There is no simple explanation for the discrepancy in the ratio found for the mice and that obtained for the crewmembers, except to emphasize major differences between the two studies: human vs. mouse, source of T cells (peripheral blood vs. spleen), activating agent (anti-CD3/CD28 combination vs. anti-CD3 alone), and postflight procedures. In addition, the difference between the long-term space station inhabitants and our mice may be at least partly related to length of mission duration (ϳ6 mo vs. 13 days, respectively).
The essential role of IFN-␥ in controlling viral infections is well known. In a recent study, Shearer and colleagues (65) found that production of IFN-␥ in polyomavirus (PyV)-infected BALB/c mice was impaired by whole-body exposure to radiation. The data were based on response of splenocytes after activation with ConA. PyV is a potentially oncogenic herpesvirus that stays latent in the body after infection and immunodepression can result in reactivation. Thus the murine model mimicked the scenario in humans infected with the EpsteinBarr virus, a member of the Herpesviridae family that is Expression of the listed genes had P Ͻ 0.05 compared to AEM ground controls. Data were obtained using quantitative RT-PCR (n ϭ 6 FLT mice; n ϭ 6 AEM mice). Expression of the listed genes had P Ͻ 0.05 compared to AEM ground controls. Data were obtained using quantitative RT-PCR (n ϭ 6 FLT mice; n ϭ 6 AEM mice).
extremely common in the general population. The investigators concluded that space radiation may lead to chronic virus replication and increase the risk for malignancy in astronauts.
We found that MIP-1␣ (also known as CCL3) was increased in the FLT mice. MIP-1␣ is among the strongest chemotactic cytokines produced by activated macrophages (67) . This factor enhances inflammation by activating granulocytes (neutrophils, eosinophils, and basophils) and by inducing production of other proinflammatory cytokines. Inflammation, especially when chronic, has long been known to increase the risk for cancer (61) . In the FLT mice, the high production of MIP-1␣ may assist hematopoietic progenitor recruitment and differentiation into granulocytes to compensate for the observed decrease in these cells, as reported elsewhere (Baqai AP, Gridley DS, et al., unpublished observations).
Cytokine production has been previously evaluated by use of cells cultured in vitro on spacecraft and leukocytes obtained from astronauts, cosmonauts, nonhuman primates, and rodents (6 -8, 14, 29, 45, 53, 70) . Studies of flight crew have generally shown diminished capacity to secrete cytokines, especially IL-2 and IFN-␥, although there has been variability. The cytokine findings in the present study are partially consistent with our previous studies of same-strain mice flown aboard Space Shuttle Endeavour (STS-108) in which cytokines were quantified after spleen cell stimulation with PHA (26) . In our previous study, both IL-2 and IFN-␥ were significantly lower after flight compared with AEM controls (IL-4 was also low; IL-5 and TNF-␣ were unaffected). The difference in the two studies may be at least partly explained by the use of agents that activate different signal transduction pathways. The PHA used in STS-108 cross-links surface carbohydrates and induces T cell activation independently of the T cell antigen receptor (TCR), whereas the immobilized anti-CD3 used in STS-118 binds to a CD3 subunit of the TCR that, together with accessory molecules, relays interactive signaling pathways to the nucleus (71) .
Our interest in the thymus stems from the fact that thymic lymphoma is a common finding after radiation exposure in mouse models of human cancer (4). Solar particle events (SPE) during space missions could result in relatively large radiation doses that deplete T cell populations (27, 28, 42, 58) . Loss of CD4 ϩ , CD8 ϩ , and CD4 ϩ CD8 ϩ precursor T cells has been reported in fetal thymus organ cultures after spaceflight (81) . Although the thymus is most important early in life, thymopoiesis can occur following demise of T cells, as seen in patients with acquired immunodeficiency syndrome (22) and after chemotherapy (48) or bone marrow transplantation (30) . Thymic regeneration has also been noted in both mice and humans after androgen blockade (75) . Although a number of studies have analyzed various aspects of thymuses from rodents flown in space (5, 11, 26, 51, 74) , none have focused specifically on genes associated with carcinogenesis.
In the present study, expression of 30 of 84 evaluated thymic genes associated with cancer was significantly altered within hours postflight. Although we cannot separate the landing effects from the prolonged effects of space flight, the FLT mice had low thymus mass compared with AEM ground controls (Baqai AP, Gridley DS, et al., unpublished observations). Since the thymic atrophy is likely to reflect chronic stress in the mice during the flight and not the acute stress of landing, at least some of the observed changes could very well have been induced during the flight. Here we present a few highlights on the genes that were most highly affected. The data show that Birc5, also known as Survivin, was one of four upregulated genes. Birc5 encodes a protein that inhibits apoptosis and whose expression is greatly increased in most human tumors (82) . Figf was also increased after flight. The protein encoded by this gene belongs in the PDGF/VEGF family and functions similarly to VEGF-C (56). Its activity promotes angiogenesis and endothelial cell growth and thus can facilitate tumor progression like other proangiogenic factors (20) . Grb2 was another upregulated gene after flight. The protein derived from this gene serves as a docking site and participates in the EGF signal transduction pathway. Agents that block Greb2 protein and disrupt this pathway may have anti-tumor effects (19, 79) . The upregulated Tert encodes a catalytic subunit of telomerase, a polymerase that is expressed in cancer cells, but not in normal postnatal cells (12) .
Fos, encoding the c-Fos protein, was one of the nine thymic genes for which downregulation was most pronounced. Under normal conditions, c-Fos facilitates development of doublenegative (CD4 Ϫ CD8 Ϫ ) T cells into the mature single-positive (CD4 ϩ CD8 Ϫ ) T cells, a process known as positive selection (54) . The roles of this proto-oncogene as part of an osteoclastogenic transcription factor (Fos/AP-1) (80) and overexpression in cancer cells (50) are well known. A significantly low level of c-Fos protein expression was found on granular bone marrow cells from these same mice after flight (Ortega MT, Pecaut MJ, Gridley DS, Stodieck LS, Ferguson VL, Chapes SK, unpublished observations). Other investigators have reported reduced EGF-and 12-O-tetradecanoyl-phorbol-13-acetate (TPA)-induced fos expression in human A431 epidermoid carcinoma cells under microgravity conditions (16) . Spaceflight-related studies of the human U937 monocyte cell line and peripheral blood T cells indicate that microgravity induces changes in protein kinase C isoforms that may account at least partially for decreased expression of fos (32, 33) .
Similarly to fos, high levels and mutated forms of c-Myc protein from the downregulated myc gene are closely linked to carcinogenesis; the 8:14 translocation in lymphoma is especially well characterized (36) . IFNb1 belongs to the type I interferons that facilitate immune recognition of abnormal cells, either directly or indirectly, and possess significant antitumor activity (78) . The downregulated Itgb3 gene encodes an integrin that is often highly expressed in angiogenic pathologies (34) . The matrix metalloproteinase produced by Mmp9 is associated with invasion and metastasis of leukemic cells (73) . Pdgfb, a homolog of the simian sarcoma virus oncogene (v-sis), belongs to the PDGF family. Expression of the PDGF-B protein has been implicated in malignant transformation of cells (35) and fibrosis (66) . The downregulated S100a4 encodes a calcium-binding protein that is elevated in a wide range of tumors and appears to be directly involved in generating a metastatic phenotype (21) . Thrombospondin-1 derived from the Thbs gene is involved in both angiogenesis and metastatic spread (62) . The Tnf gene encodes TNF-␣, a cytokine implicated in inflammation, cancer, and many other diseases (64) .
Analysis of gene expression has been performed by Boonyaratanakornkit and colleagues (3) to identify gravity-dependent genes and pathways. In that study, CD3 ϩ T cells from three human blood donors were isolated, activated with ConA 199 SPACEFLIGHT AND T CELLS IN MICE and anti-CD28 antibody, and incubated for 4 h at 1 g or rotated in an apparatus that simulated a freefall environment; microarrays and nearly 8,800 probe sets were utilized to evaluate gene expression patterns in stimulated and unstimulated cells. The affected genes were primarily those that were regulated by early transcription factors such as NF-B, CREB, ELK, AP-1, and STAT. The two key cytokine genes that were greatly downregulated in mitogen-stimulated T cells subjected to altered gravity were IL2 and CSF2 (encoding GM-CSF); six chemokine genes and five genes in the TNF superfamily were also suppressed. Thus there is some overlap with the data reported here. However, extensive comparisons between the results obtained with the isolated human T cells in culture that were mitogen/antibody-activated and our mouse data on constitutive gene expression are difficult because of the obviously great differences in study conditions.
In conclusion, the results demonstrate that splenic T lymphocytes are greatly affected in this mouse strain shortly after return from a 13-day flight in space. T cell numbers, percentages, responsiveness to a potent mitogen, and secretion of cytokines critical for optimal immune defense and homeostasis were all significantly affected. There was also a significant impact on expression of many cancer-related genes in the thymus. The changes observed in some genes suggest that the possibility for carcinogenesis may be increased, whereas others suggest decreased risk. Additional points that must be taken into account are that T cells in the thymus are likely to be in different stages of maturation and that cells other than T cell reside in this organ (e.g., epithelial reticular cells, granular cells, and cells of blood vessels). Furthermore, it remains to be determined whether the quantified changes are brief and due primarily to the tremendous physiological stress of landing and readaptation or have an enduring effect on risk for infection and/or cancer. These as yet unanswered questions are especially important in the context of Lunar and Mars missions during which relatively high radiation exposure is likely (e.g., during SPE) and may have an additive, or perhaps even synergistic, effect when it occurs together with other spaceflight stressors. To establish firm conclusions regarding the combined effects of all factors associated with space missions, sampling should be conducted before, during, and after flight. As science utilization increases on the International Space Station with a six-member crew, opportunities to perform sequential analyses such as this will hopefully become available in the not too distant future.
